Abstract: Inspired by a direct internal reforming molten carbonate fuel cell (DIR-MCFC) coupled with complicated nonlinear dynamics, the identification and control design of the Hammerstein model is presented. Through the sequential identification procedure, the static nonlinearity block is considered as the wavelet network which is trained and validated by the on-line learning algorithm, and the linear dynamic block is described by the state-space model in which parameters are estimated by the recursive least square algorithm. When a nonlinear inversion via the numerical interpolation technique is established, a composite control framework is used to ensure the good output regulation.
INTRODUCTION
Fuel cells are an attractive option for power generation directly from fuels, avoiding the inefficient combustion. Regarding the flexible consideration of fuel cell with respect to the type of fuel, the high operating temperature can enable internal reforming designs such as the molten carbonate fuel cell (MCFC) connected to the internal reforming design [1] . Especially, the direct internal reforming molten carbonate fuel cell (DIR-MCFC) system usually has quite complicated mathematical model due to integrated chemical/electrical reactions [2, 3] , such that its modeling and dynamic simulation become a challenge task [4] .
To explore the identification of fuel cell systems, Li et al. [5] presented the wavelet network dynamic model for the direct internal reforming solid oxide fuel cell (DIR-SOFC). Since the wavelet network possesses both of characteristics of wavelets and neural networks, it can effectively identify complicated coupling systems [6] . Recently, Hammerstein/Wiener types of model structures coupled with wavelet networks were used to model highly nonlinear system with acceptable accuracy [7] . Huo et al. [8] developed the Hammerstein model, which consisted of a radial basis function neural network in series with autoregressive with exogenous input model, could precisely identify a nonlinear dynamic model of SOFC system. Recently, Yang et al. [9] showed that a complex nonlinear MCFC stack had been identified by a MIMO Takagi-Sugeno fuzzy model, and Jurado [10] used a fuzzy Hammerstein model to create a predictive control strategy for a SOFC system. Moreover, the nonlinear control of the MCFC has ever seen in the relevant research [11] . This paper shows that the DIR-MCFC system has strongly nonlinear behavior. For the purpose of control design, the accurate and simple Hammerstein model structure is first constructed. In our approach, the wavelet network is trained and validated via an on-line learning algorithm to represent the static nonlinearity block, and the parameters of the state-space model is directly estimated by the recursive algorithm to represent a linear dynamic block. Second, a composite control framework, which consists of a nonlinear inversion and conventional linear controller, is employed. Since the inversion technique is directly derived from the numerical interpolation function which is denoted as the approximation of the input-output map of the static nonlinearity. Furthermore, the simulation demonstrates the composite control can ensure the better output regulation performance than the sole PID control.
WAVELET NETWORK-BASED HAMMERSTEIN MODEL
The structure of the wavelet network-based Hammerstein model, depicted in Fig. 1 , consists of a wavelet network block followed by a linear dynamic block. The identification of the wavelet network is assumed as the static nonlinear function f, i.e.
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where ( ) u k is the input of the Hammerstein model at the kth sampling instant, the additional parameter f is denoted as a bias to deal with nonzero mean function on prescribed domain, and Ψ represents the multi-dimensional wavelet by using the product of the number of m scalar wavelets ψ Fig. 1 Wavelet network-based Hammerstein model 
where ( ) y k is the output of the Hammerstein model at the
Since the set of parameters,
, in the wavelet network is undetermined, the identification algorithm is used to find the optimal parameters, i.e., the minimization of the following objective function should to be satisfied.
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subject to the steady state model 
(ii) translations
(iv) bias
where η is the learning rate. Moreover, the network parameters are on-line updated at each sampling instant shown by
Regarding the identification of linear dynamic G, another objective function 2 J with respect to ϑ is described by ( )
subject to the process model 
where χ is a positive-definite matrix. To carry out an effectively iterative procedure, the Levenberg-Marquardt algorithm in Matlab ® is usually adopted.
CONTROLLER DESIGN
Through above training and validation algorithms, if the identification of the wavelet network-based Hammerstein model is complete, then the following nonlinear inversion is expected to cancel the static nonlinearity
such that the linearized model is obtained. If the external input v is denoted as the digital PID control, then a composite controller is written as
where ( , , )
K τ τ are tuning parameters to ensure the stable output regulation. t ∆ is the sampling period, and e(k) is the feedback error at the kth sampling instant. In our approach, the controller tuning will follow the continuous cycling method shown in [13] .
Remark 1:
In continuous time setting of PID controller, the continuous cycling method for PID controller tuning is easily determined empirically to verify closed-loop responses that have a 1/4 decay ratio. For a small sampling period, the suitable controller settings obtained for a continuous controller can be directly utilized in a digital PID controller. Although the static nonlinearity represented by the wavelet network framework is vague, the input-output map between input u and v can be directly evaluated by simulation tests. To address the simple and explicit nonlinear function, the numerical interpolation technique is used to approximate the nonlinear mapping. In our approach, the cubic spline technique is adopted to fit the input-output profile from the wavelet network. The spline function is constructed by connecting third-order polynomials for each interval between knots as represented by 3 2 ( ) ( ) ( ) ( )
Notably, n data points with n-1 intervals induce 4(n-1) unknown coefficients in Eq. (16). Under specified 4(n-1)
conditions, all unknown constants, { } , , , 1, 2,...,
can be evaluated. Moreover, the nonlinear inversion is approximated as 
when the discrete PID controller is added, the composite control law with aid of the above nonlinear inversion is synthesized.
CONTROL OF A NON-ISOTHERMAL FUEL CELL MODEL
Consider that the state-space model of a kW-class DIR-MCFC system shown in [14] is written by ( , )
where ξ is the state variable, the air flow rate at the cathode in c N ɺ is treated as the manipulated input, and the controlled variable y is the stack temperature. Obviously, the nonisothermal DIR-MCFC system is a highly nonlinear process. To address the wavelet network-based Hammerstein model and its control implementation, the wavelet network-based Hammerstein model is first constructed under the prescribed inlet conditions, e.g. Fig. 2(a) in which weights of wavelet networks are estimated by an iteration algorithm. Since this input-output map consists of 77 data points with 76 intervals, the cubic spline function is used to precisely fit the curve. By Fig. 2(a) , the effect of approximation is quite good. Using the approximation of nonlinear inversion by Eqs (20) and (21), the inversion of the input-output map is depicted in Fig. 2(b) .
(ii) Regarding the linear dynamic part, the Matlab toolbox is utilized to find the order and parameters of the discrete-time state-space model. Moreover, the discrete-time transfer function is shown by 
Notably, the wavelet network-based Hammerstein model is stable in regard to the prescribed operating conditions and constraints. Consequently, the wavelet network-based Hammerstein model is depicted in Fig. 3(a) , when the input pattern of air flow rate is shown in Fig. 3(b) . , the presented nonlinear control (including nonlinear inversion) compared to the traditional PID control for the setpoint tracking is depicted in Fig. 4 . Notably, the tracking performance shows that the proposed composite control is superior to the sole PID control.
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Conclusions
This paper shows that the DIR-MCFC system has strongly nonlinear behavior. For the purpose of control design, the accurate and simple Hammerstein model structure is first constructed. In our approach, the wavelet network is trained and validated via an on-line learning algorithm to represent the static nonlinearity block, and the parameters of the state-space model is directly estimated by the recursive algorithm to represent a linear dynamic block. Second, a composite control is synthesized by a nonlinear inversion and conventional linear controller, where the inversion technique is directly derived from the numerical function as the approximation of the input-output map of the static nonlinearity. Based on the single-input single-output (SISO) control framework, the simulation shows that the composite control is superior to the traditional PID approach.
